The energy of X-rays from the transition 6h + 5g in kaonic atoms of potassium falls on the K absorption edge of erbium. Measurement of the kaonic X-ray attenuation in a precisely calibrated set of Er foils yields the X-ray energy 57458.8 ± 6.3 eV. Kaon mass is related to energy through the Klein-Gordon equation plus corrections for radiative effects, electron screening, and other effects. The negative kaon mass was found to be 493.640 ± 0.054 MeV/c 2 in agreement with the presently accepted value 493.669 ± 0.018 MeV/c 2 which was determined from X-rays emitted by high-Z atoms where the corrections were larger than for Z = 19.
INTRODUCTION
Accurate values of the negative kaon mass have come from experiments by Columbia/Yale and CERN groups [l ,2] in which kaons were stopped in Pb and other heavy elements. When brought to rest through energy loss by ionization, kaons are captured in the Coulomb field of the nuclei of the stopping material and form hydrogen-1 ike atoms that de-excite by emitting X-rays. The energies of the emitted X-rays are related to tne mass of the orbiting kaons by the Klein-Gordon equation plus corrections for various orders of vacuum polarization (radiative effects). electron screening of the nucleus, finite nuclear charge distribution, center-ofmass motion of the nucleus, strong interactions, and nuclear polarization.
Another accurate va 1 ue has been reported by a group at Novosibirsk using the reaction e+ + e-+ ~ + K+ + K- [3] .
A significant reason for doing the experiment was that we used a fairly light element, potassium (Z = 19) , in atomic states where the high order radiative corrections and electron shielding effects are not so important as those for heavy atoms.
In previous experiments X-ray energies were obtained by pulse height measurements of the output of semiconductor detector systems.
Energies were determined by comparing the pulse heights of kaonic X-rays to the pulse heights of radiations emitted by calibrated radioactive sources. The conversion from pulse height (analyzer channel number) to energy must be known to high accuracy. Even though semiconductor detectors have very good energy resolution, the instrumental width of typical kaonic X-ray lines from heavy elements amounts to about 1000 eV.
The energies of the recorded lines must be determined to an accuracy of a few eV which is difficult, especially if unbeknown weak lines almost buried in the background could shift the energy. Our experimental method employed a different technique, namely critical absorption of -2-kaonic X-rays. The use of atomic absorption edges to measure X-ray energies is a well known procedure. It was applied to muonic atoms to determine the mass of the muon [4] . In phosphorous the X-ray energy of the muonic atom transitions 3d 512 + 2P 312 was found to coincide with the K-edge absorption in Pb. At the time of the muon experiment (1960) Nai(T1) detectors were in ~se, and they could not resolve the Pb fluorescent lines from the muonic atom X-rays. The presently described experiment employed ultrapure Ge detectors·that were able to separate the intense fluorescent peaks from the mesonic atom X-rays.
We found that the energy of the kaonic potassium transition~ n.1 = 6h + 5g coincided with the K-absorption edge of erbium. At the Lawrence
Berkeley Laboratory (LBL} we measured the transmission of the kaonic Xrays of natural potassium through a set of Er foils. At the National Bureau of Standards (NBS) the energy versus transmission of the same foils was determined to very high precision by a double axis crystal spectrometer. We determined the energy of the kaonic X-rays to an accuracy of about one part in nine thousand.
KAONIC X-RAY MEASUREMENTS
At the LBL Bevatron an external beam of 5.3 GeV protons produced negative kaons in a tungsten target. Kaons and pions that were projected in the forward direction were accepted by a symmetrical double-bend spectrometer tuned to momentum 450 GeV/c. Although the spectrometer included a mass separator to reject pions, the kaon beam that was focused on the potassium target contained about 1000 pions per stopped kaon. Kaons were identified by time of flight, and pion counts were vetoed by a Cherenkov counter. Furthermore. pions have a longer range than kaons and most did not stop in the target.
-3-
The arrangement of the apparatus is outlined by Fig. 1 Fig. 2 . The absorbers (two of 0.123 g/cm 2 and one of 0.237 g/cm 2 thickness) were mounted on a rotatable wheel that was accurately positioned above the detectors.
Tests were made to insure that no radiation could reach the covered detectors directly from the target without passing through the absorbers.
Gamma-rays of energy 59.5 keV from 241 Am were used for the test by placing the source at positions corresponding to the periphery of the potassium target. A 2 g cm-2 thick Pb absorber (transmission 1.8 x 10-4 ) was then substituted for the Er toil of the detector under study.
Plots of the 59.5 keV radiation received by the detector versus the wheel position were made for each detector and for several source positions at the location of the target. It was seen that there was a margin of safety of about ±5 degrees in setting the wheel so that covered detectors were screened from the test source and therefore from the target.
The geometry of our source-absorber-detector arrangement was such that the detectors subtended almost half of the solid angle with respect to the absorbers as shown in Fig. 1 . In this "poor" geometry the coherent scattering in the absorbers was not included in the absorption process because the elastically scattered X-rays reached the detectors. We included only 90 percent of the incoherent cross section, because about 10 percent of the scattered photons lost less than 1 keV and were counted within the kaonic X-ray lines. Test measurements were made at 59.5 and 53.2 keV using gamma-ray sources. The accuracy was sufficiently good in these cases to show that coherent scattering was excluded. For additional details see the thesis of G.K. lum [6] .
In Fig. 3 we show the natural potassium spectra of one of the To determine the number of fluorescent X-rays under the kaonic X-ray peak we counted the number of n = 2 + 1 and n = 3 + l X-rays and used the above ratios. To confirm our technique we used 241 Am gammarays to generate the fluorescence peaks. We measured their intensity ratios and found (3 + l)/(2 + 1) = 0.199 ± 0.003 compared to the referenced value 32/(100 +53) = 0.209 and (4 + l)/(2 + 1) = 0.047 ± 0.002 compared to 7/(100 +53) = 0.046.
-5-In addition to fluorescent X-rays we took into account kaonic Xrays from the transition n = 8 + 6 that were 425 eV lower in energy than then = 6 + 5 line. The number of n = 8 + 6 X-rays was estimated from the intensities of other ~n = 2 transitions that were measured in K, Cl, and Ar [8] . The average intensity of n = 7 + 5 and n = 9 + 7 transitions in potassium and its neighboring elements amounts to 10 ± 2 percent of the n = 6 + 5 intensity. We assume that there is no anomaly irt the cascade at n = 8 + 6 and ascribe to it the same intensity ratio as n = 7 + 5 and n = 9 + 7.
Background radiation that was incident on the detectors underwent a discontinuity at the absorption edge. The dotted line under the (Er 4 + 1} + (K 6 + 5) peak in Fig. 3 illustrates how this problem was treated.
The width of the background edge was taken to be the same as the instrumental The target was positioned above the center of the cluster of detectors.
Thus the angles of incidence of the X-rays at the absorbers were different from normal by about 15 degrees. Therefore, the effective thicknesses of the absorbers were not th'e same as the actual thicknesses. By studying the geometry and experimenting with 241 Am gamma-rays of 59.5 keV energy we determined the effective absorber thicknesses. They averaged 3.7 percent larger than the actual thicknesses.
-6-Gains of the four amplifier systems remained practically constant during the experiment so that corresponding spectra of the two series could be added channel by channel. The result was 16 spectra: four independent detectors each with three absorbers plus blank.
It was necessary to know the relative number of stopped kaons in each of the runs. Therefore, we needed to know the relative electronic efficiencies of the four detector systems. A conventional counter telescope arrangement was used to signal the passage of energy-degraded kaons through the thin beam-defining counter immediately in front of the target. One out of each 100 of these kaon stop signa 1 s was used to trigger a pulse generator whose output was fed into a detector preamplifier. The trigger pulse was switched in succession among four pulse generators, one for each detector. The energies of the pulses were set to be higher than those of the highest energy X-ray line to be recorded.
The number of counts found in a pulse generator peak divided by the number of triggers gave the electronic efficiency. If a system were busy, its pulser would not be recorded. The average efficiency of the four detectors stayed reasonably constant at about 0.76 which was an indication that the kaon beam was sufficiently steady.
In the planning stage of the experiment we were not certain which We have thus far considered that kaonic X-rays were emitted only by transitions 6h ~ 5g {transitions between the so-called circular orbits).
Actually some of the kaons made transitions 6g ~ 5f, etc. The energies of the ''parallel" transitions were significantly different from the circular transitions: 6g ~ 5f is 56 eV higher than 6h ~ 5g. The relative number of parallel transitions was obtained from a computer program that has an option of using either Ferrell's formula [9] or the dipole perturbation theory for Auger processes. Radiative transition rates were
• computed by the dipole perturbation theory and the cascade was started at n = 30. Various initial distributions over angular momentum states were tried in order to get the best fit to the observed X-ray intensities [8] . Cascade schedules that gave satisfactory intensities indicated that the ratio of the number of transitions (6g ~ 5f)/{(6h ~ 5g) + (6g ~ Sf)} = 0.09 ± 0.03. The cascade calculations showed that a negligible number of kaons made transitions from states of angular momenta lower than t = 4.
An alternative approach to the determination of the number of noncircular transitions uses measured intensities. We have from experiment [8] (6g ~ 4f)/[{6g ~ 5f) + (6h ~ 5g)] = 0.081 ± 0.014. Assuming that the kaonic potassium atoms were hydrogenic and that strong interaction effects -8- were negligible for n = 6 states near maximum angular momentum, we can use the ratio (6g ~ 5f)/(6g ~ 4f) = 0.8029 given by Bethe and Salpeter [10] provided that we also assume negligible Auger transitions. The product of these ratios, 0.07 ± 0.01, is the ratio of noncircular to circular transitions and is in good agreement with the number found by the cascade program. It will be seen later that the error in energy due to the error in the above ratio is small compared to the statistical error due to the X-ray counts.
The experimental results of the kaonic X-ray measurements are summarized in Table I this contributed noticeable broadening of the erbium K edge profile.
The intercrystal collimator had a vertical slit height of 8.5 mm.
This slit height along with the 4 mm focal spot height and the separation between the focal spot and the intercrystal collimator (1.51 m) limited the vertical divergence of the continuum radiation. The detector for most of the measurements was a 12 mm thick Nai(T~) crystal. However, an ultra-pure Ge detector was also used for a limited number of measurements to explore geometric influences on the measured intensity transmitted by the erbium foils.
The measurement sequence for each foil was a parallel crystal position measurement, and then antiparallel measurements of the incident intensity (no absorber in the beam) and the transmitted intensity through the erbium absorber. In order to insure that there were no serious drifts, this sequence was repeated several times for each foil.
A parallel position measurement took approximately 10 minutes to record and resulted in a Lorentzian profile corresponding to a dispersive FWHM of 8 eV and a peak counting rate of 30000/sec. The continuum curve was recorded in 35 minutes and resulted in a nearly constant counting rate of 500/sec at each energy r_ecorded. The points were fit with a straight line to obtain a mathematical representation of the continuum radiation. Finally, the intensity transmitted by the foil was recorded in about 2 hours, resulting in a curve of transmitted intensity vs. energy.
Absorption measurements are quite sensitive to the background intensity, which is here taken as independent of spectrometer setting.
When radiation was blocked from entering the source collimator, a room background of< 0.1 counts/sec was measured. By using three different foil thicknesses and requiring that the measured absorption curves be in agreement, a background component assocjated with stray radiation in the instrument was also determined. The transmitted intensity curve is most sensitive to the background in the high absorption side of the edge. Also the assumed shape of the curve has little influence if points that are relatively far from the edge are used. For each measurement of the three foil thicknesses a background was determined and was found to be approximately 0.7 counts/sec.
In order to establish a precise energy scale for the Kedge profile, the angle interferometers were calibrated by using them to measure the external angles of a 24-sided optical polygon. The calibration constant follows from the constraint that the sum of the angles must equal 360 degrees and leads in this case to a value with an uncertainty < 0.5 ppm.
Because this measurement was made on a newly constructed spectrometer, a few measurements of the well established W Ka 1 X-ray [13] were made The smooth behavior of the mass attenuation coefficient at the K edge following a simple arctangent function was found to be quite general for the rare earth elements [14] . The above convolution is not readily -12-integrated in closed form so that a numerical integration was performed. Use of the above mass attenuation curve for estimating the energy (2) of the kaonic X-rays from potassium requires modification due to experimental geometry and detector resolution. In the absorption edge measurements, the foils were positioned in front of the source collimator and thus yielded "good geometry•• values. Photons which were photoelectrically absorbed, coherently or incoherently scattered by the foil or produced by fluorescence were not seen by the detector.
As described above, the geometry which was used in the kaonic X-ray experiment permitted photons which were coherently and incoherently scattered to enter the detector. However, only 10 percent of the incoherently scattered photons were counted because they lost less than 1 keV and fell within the detector window. In order to correct for these geometrical considerations, the coherent scattering component and
of the incoherent scattering component given by McMaster et al [5]
were subtracted from B 1 • the low energy asymptotic absorption value.
-14-As a partial check on the effect of geometry and detector, a limited number of measurements on the erbium absorption curve were taken using an ultra-pure Ge detector of resolution~ 0.7 keV in place of the Values for each measurement and absorber thickness given in Table I Finally we found that the experimentally determined energy of the 6h ~ 5g transition in kaonic potassium-39 was 57458.8 ± 6.3 eV.
Note that the natural line width was calculated to be 0.4 eV.
KAON MASS
To arrive at the kaon mass corresponding to the X-ray energy that we have measured, it is convenient to calculate the energy on the basis of the current value of the kaon mass given by the Review of Particle Subtracting the,mass of 19 electrons, we find the nuclear mass 36288.114 2 2 MeV/c and the reduced mass 487.043 MeV/c . The 6h ~ 5g energy was then calculated in the following way: We first obtained the Coulomb and Uehling (first order, aZa) vacuum polarization potentials [19] modified by the finite distribution of nuclear charge (assumed to be the two--16-parameter Fermi distribution) as well as the phenomenological pionnucleus strong interaction potential [20] . A modified Klein-Gordon equation [21] was then integrated numerically. Higher order radiative corrections were computed by perturbation theory in the a 2 (Za) [19] and a(Za) 3 ' 5 ' 7 ··· [22] orders as well as the finite charge distribution effect in the a(Za) 3 order (23] . The electron screening correction was calculated in perturbation theory using the empirical three-parameter potential [24] from the electron density obtained by the relativistic Hartree-Fock-Slater method. Also included were estimates of the dipole nuclear polarization [25] and nuclear center-of-mass motion effects [26] . We show the results in Table II . The total energy of the 6h + 5g transition came out to be 57462.1 eV (=E ) with a possible theoretical 0 .
uncertainty of± 0.5 eV.
Strictly speaking, all corrections to the point-Coulomb KleinGordon energy are not proportional to the reduced mass of the kaon ~K.
However, the largest correction, the Ueh1ing term in the atomic states of our interest contributes only a few tenths percent and was found numerically to be roughly proportional to ~K In Table II Side view of the experimental arrangement. The center of the . potassium target was above the center of a square at whose corners were positioned the four Ge detectors.
Arrangement of the absorber wheel and detectors.
Kaonic X-ray spectra of natural potassium with and without an erbium absorber. Each spectrum corresponds to about 
